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S U M M A R Y  

Investigations are now in  progress   to   evaluate   the  severe   t ime-  

dependent,  edge-notch  sensitivity  known  to  occur  in  thin  sheet  nickel-base 

superalloys  exposed  under  stress at 1000"  and  1200°F.  Studies of Rend 41, 

Waspaloy  and  Inconel 718, over a wide  range of heat-treated  conditions, 

has  served  to  define  the  scope of this  problem  in  0.026-inch  thick  sheet. 

In  addition,  exploratory  data  have  been  obtained  on  the  influence of notch 

acuity  and  sheet  thickness  on  the  notch  sensi.tivity. 

Both  smooth  and  edge-notched  specimens  fractured by the  initia- 

tion  and  growth of intergranular  cracks,  followed  by  abrupt  transgranular 

f racture   due  to   the  increase  in   s t ress   caused by creep  cracking.  Analysis 

of these  processes  showed  that   the  degree of notch  sensitivity  was  strongly 

dependent  upon  the  effect of the  notches on the  time  required  for  the  initia- 

tion of the  creep  crack  and  the  ear ly   s tages  of its  growth.  There  were 

some  differences  among  alloys  and  within  an  alloy  with  heat  treatment  and 

test  temperature.  The  notch  sensitivity  was not exhibited for the  testing 

time  periods  considered  when  sheet  thickness  was  increased  from 0 . 0 2 6 -  

to 0. 050-inch.  This,  together  with  other  considerations,  suggests  that 

the  s t ress   and  s t ra in   s ta te   is  a major  factor.  Until  this is understood, 

however, it is  not  possible  to  correlate  notch  sensitive  behavior  with  pre- 

c ise   microstructural   features   or   mechanical   propert ies .  

ix 



SENSITIVITY O F  THE  CREEP-RUPTURE  PROPERTIES  OF 
NICKEL-BASE  SUPERALLOY  SHEET  TO  SHARP  EDGE-NOTCHES 

IN  THE  TEMPERATURE  RANGE  OF  1000"-1400"F~~ 

By D. J. Wilson', J. W. Freeman2,   and  P. D. Goodell' 

INTRODUCTION 

The  results  presented  in  this  paper  have  been  derived  from  cur- 

rent  studies  being  carried  out  at  the  University of Michigan,  Ann  Arbor, 

Michigan,  under  the  sponsorship of the  National  Aeronautics  and  Space 

Administration,  Washington, D. C. These  studies are  directed  towards 

the  determination of the  scope  and  cause of the  severe  t ime-dependent 

notch  sensitivity,  which  was  discovered  in  several  superalloys  in  the 

temperature   range of 1000"  to 1 2 0 0 ° F  during  ear l ier   research.  

During a study of the  influence of s t ressed  exposure  in   the  inter-  

mediate   temperature   range  on  the  superal loys,  Rend 41,  Waspaloy,  and 

Inconel 718 (refs .   1 ,  2 ) ,  some of the  cold-worked  and  aged  materials  failed 

unexpectedly  in  less  than  1000  hours  at 40  ksi  at  1000°F.  Under  these 

conditions,  the  life  had  been  expected  to  be  practically  infinite;  the  tem- 

peratures  were  sufficiently  low  that  the  design  strengths would normally 

be  based  on  short-time  tensile  strengths  or  yield  strengths  rather  than  on 

creep-rupture  properties.   Subsequent  determinations of t he   s t r e s s - rup -  

ture   t ime  curves  ( f ig .  1)  for  solution-treated  and  aged  conditions  showed 

that  even  in  the  absence of cold  work,  the  notched  to  smooth  specimen 

rupture  strength  ratios  could fall from  about 0 .8  to  as low as 0 .45  for  

1000  hours  at  1000°F. 

:k Paper   presented  a t   the   97th AIME  Annual  Meeting,  New York City, 
Februa ry  25 -29, 1968. 
Research  Assistants,   High  Temperature  Metallurgy  Group,  Depart-  
ment of Chemical  and  Metallurgical  Engineering,  The  University of 
Michigan,  Ann  Arbor,  Michigan. 
P ro fes so r  of Metallurgical  Engineering,  Department of Chemical  and 
Metallurgical  Engineering,  The  University of Michigan. 



From  the  resul ts   obtained  a t   the   Universi ty   to   date ,  it has  not 

been  possible to  establish  the  basic  cause of notch  sensit ivity;   therefore,  

the  resul ts   presented  here   wil l   be   concerned  pr imari ly   with  the  scope 

and  general  description of this  behavior. 

EXPERIMENTAL  DETAILS 

Materials 

The  information  presented is based  on  studies of commercially- 

produced  thin  sheets of Rend  41,  Waspaloy,  and  Inconel 718 alloys. 

There  is no  reason  to  expect,  however,  that  other  superalloys  would  not 

be  subject  in  varying  degrees  to similar edge-notch  sensitivity  problems. 

The  compositions  (weight  percent) of the  three  alloys  under  con- 

s idera t ion   a re :  

Minor 
Superalloy C Cr  Ni  G o  Mo Ti  A1 Cb  Fe  Elements 
" """- 

Rend  41 0. 09 19 55 - 11  10 3 .2   1 .5  - B - 
Waspaloy 0. 08 19.5 56 13.5 4. 3 3. 0 1.4 - 2. 0 B, Z r  

Inconel718 0. 04 18.5  52 - - - -  3.1 1. 0 0. 3 5 19 

" - 

- " 

Due to  the  major  compositional  differences  (underlined),  these  alloys 

exhibit a wide  range of microstructural   features  and  mechanical  charac- 

teristics  when  in  the  heat-treated  condition. 

1. Rend  41  and  Waspaloy are  high-strength,  y ' ,  Ni  (Al ,   Ti)  
3 

precipitation-hardened  alloys,  which  differ  in  metallurgical  character - 
is t ics   imparted by hlgh  and  low  molybdenum  contents.  In  Rend  41,  the 

high  molybdenum  promotes  the  formation of an M  C carbide.  The  main 

carbide  in  Waspaloy is M Both  contain  the  relatively  inert  carbide 

T i  ( C ,  N). 

6 
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2. Due  principally  to  the  presence of columbium,  Inconel 718 dif- 

fers appreciably  from  the  other two  alloys.  The  y'-precipitation is more  

2 



sluggish,  and  there  are  considerable  differences  in  compositional  aspects 

of the  matrices  and yl phases.  In  addition,  the  carbide  phases  can  differ 

in  type,  amount,  and  morphology. 

These  materials  were  studied  in  the  cold-worked  and  aged  con- 

dition, as well as in a number of solution-treated  and  aged  conditions.  In 

a number of cases,   the  heat  treatments  did  not  correspond  to  commercial  

practice  because  they  were  specifically  designed  to  generate  correlations 

between  the  notch  sensitivity  and  variations  in  metallurgical  characteristics. 

Test ing  Procedures  

The  heat-treating  practices  and  testing  methods  used  in  various 

investigations  have  been  described  in  depth  elsewhere  (refs.  1, 2). The 

sheet  materials  were  received  in  ei ther  the  cold-worked  or annealed::: con- 

dition,  and  were  subsequently  aged.  Waspaloy  material  in  the  cold-worked 

condition  was  also  studied  after a number of solution  and  aging  treatments 

(in  an  argon  atmosphere).  

The  dimensions of the  smooth  and  notched  specimens  used  in  the 

investigation (f ig .  2)  conformed  to  an  ASTM  Practice  which  was  being  used 

when  the  research  began,  but  which is now out-dated.  The  majority of the 

notched  specimens  had  sharp  edge-notches  with a theoret ical   e las t ic   s t ress  

concentration  factor of > 20. - 
The  creep-rupture  tests  were  conducted  in  beam-loaded  machines 

in  accordance  with  ASTM  Recommended  Practice E l  39 -58T.  Specimen 

rupture  t imes  were  recorded  automatically.   Creep  extension  was  mea- 

sured by an  optical   extension  system,  which  has a sensitivity of 

five-millionths of an  inch. 

::: The  term  "annealed" is used  interchangably  with  "solution  treated"  to 
designate  the  same  type of heat  treatment. 

3 



EXPERIMENTAL  OBSERVATIONS 

The  experimental   programs  have  provided  data  on  short-t ime 

tensile  and  creep-rupture  properties of superalloy  sheet  material.  In  the 

initial  investigation,  the  time-dependent  notch  sensitivity of 0. 026-inch 

thick  Rend  41,  Waspaloy  and  Inconel 718 sheet  was  evaluated  for  cold 

worked  and  aged  material,  and  for  materials  in  the  standard  conditions of 

heat  treatment  (annealed  and  aged)(refs.  1, 2). In  the  current  research  to 

determine  the  scope  and  cause of notch  sensitivity,  Waspaloy  and  Inconel 

718 are  being  utilized.  Extensive  variations of microstructural   features  

(and,  hence,  the  mechanical  characteristics) of these  alloys  have  been 

generated  by  appropriate  solution  and  aging  treatments.  The  creep-rupture 

properties  (and,  therefore,   the  notch  sensit ivity) of these  heat-treated 

mater ia l s   a t  l O O O " ,  1200"  and  1400"F, a r e  being  evaluated  to  varying  extents 

for 0. 026-inch  thick  material. 

In  the  following  sections,  results  selected  from  the  programs  de- 

scribed  above  are  presented  which  characterize  the  behavior of 0. 026-inch 

thick  sheet  materials,   creep-rupture  tested  in  the  intermediate  temperature 

range.  Limited  results on  the  influence of notch  acuity  and  sheet  thickness 

are   a lso  presented.  

F rac tu re   P rocess  

When  creep-rupture  tested  in  the  temperature  range  from 1000"  to  

1400"F,  both  notched  and  smooth  specimens  failed by creep-induced  inter- 

granular  crack  initiation  and  growth,  followed  by  transgranular  failure. 

The  transit ion  to  transgranular  fracture  apparently  results  from  the  in- 

crease  in  stress  on  the  load-bearing  section  due  to  the  development of the 

intergranular   crack.   The  rupture   t ime is therefore  governed by both of 

these  f racture   mechanisms.  

The  initiation  and  growth of the  intergranular  cracks  consume  most 

of the  time-to-rupture.  Optical  examination of the  fractures  showed  that 

4 



the  intergranular  cracks  were  oxidized,  while  the  transgranular  cracks 

were not.  In  addition,  intergranular  cracks  were  found  in  several of the 

specimens  which  had  been  discontinued  before  rupture,  particularly  in 

those  which  had  nearly  attained  the  expected  rupture  time.  In  no  case, 

however,  was a specimen found  before  rupture  which  exhibited  transgran- 

ular  cracking. 

Although  t ransgranular   f racture   occurs   re la t ively  rapidly,   the  

transgranular  strength  influences  the  rupture time because it controls  the 

amount of intergranular  cracking  required  to  induce  transgranular  fracture,  

and,  therefore,   influences  the  t ime  period of intergranular  crack  growth. 

An exploratory  test   in  which  the  rate of crack  growth  was  measured,  indi-  

cated  that   th is   ra te   increases   progressively  as   the  crack  develops  - -pre-  

sumably  due  to  the  increase  in  stress on the  load-bearing  section ( f ig .  3) .  

Thus,   a t   least   in   the  cases   where  the  intergranular   cracks  are  

relatively  long,  only a small   t ime  period  is   required  for  extensive  growth 

just   prior  to  transgranular  crack  init iation.  This  should  have  the  effect  of 

limiting  the  influence of changes  in  intergranular  crack  length on  the  rup- 

ture   t ime.  It should  be  noted  that  variations  in  intergranular  crack  length 

produced  by  changes  in  the  transgranular  strength  (through  heat  treatment 

variations,   etc.  ), will  almost  certainly  be  accompanied by changes  in  the 

creep-induced  intergranular   cracking  character is t ics ,   and t h u s  will be 

reflected  in  the  rupture  t imes.  

The  notch  sensitivity of the  material  can  be  considered  to  be: 

1)  the  difference  in  rupture  strengths of a mater ia l   for  a given  rupture 

t ime,   or ,  2 )  the  difference  in  rupture  t imes  for a given  s t ress   level .   For  

the  latter  case,  the  notch  sensitivity  can  be  considered  to  be  the  difference 

in  the  t ime  period  for  intergranular  crack  init iation  and  growth  in  notched 

and  smooth  specimens at a given  stress.  

At  the  present  time,  crack  growth rate s tudies   are  still not at a 

stage  where it would  be  possible  to  reach  definite  conclusions  with  regard 

to  the  relative  importance of the.se processes   in   the  two  types of specimens. 

5 



Measurements of the  intergranular  crack  lengths at t ransgranular   c rack  

initiation do, however,  allow  some  insight  into  their  behavior  relative  to 

each  type of specimen.  Transgranular  crack  init iation  for a given  mater-  

ial is presumably  dependent  upon  the  nature of the  s t ress   and  s t ra in   s ta te  

existing at the  intergranular  crack  t ip.   Transgranular  crack  init iation, 

which  occurs  with similar intergranular   crack  lengths   (expressed as a 

percentage of the  specimen  width  at  the  base of the  notch,  or  as  the  total 

width of smooth  specimens)  in  the two specimens,   must   ref lect ,   to  a grea t  

degree,   s imilar i ty  of s t r e s s  and  strain  states.   Measurements of the  inter-  

granular  crack  lengths of Inconel 718 specimens  f ractured by rupture 

tes t ing  a t  1000"  and  1200°F  (fig.4),  exhibit  the  following: 

1. 

2. 

3 .  

Only small amounts of intergranular  cracking  occurred  in 

specimens  ruptured  at   the  high  load  levels.   Furthermore,  

for  ruptured  specimens  to  exhibit up to  approximately 10  

per  cent  intergranular  cracking,  smooth  specimens  must 

be tested at higher  loads  than  notched  specimens. 

At intermediate  loading-stress  levels,   the  percentage of 

intergranular  cracking  was  approximately  the  same  for 

both  types of specimens. 

At "relatively"  low  loading-stress  levels,  where  the  per- 

centage of intergranular  cracking  was  high,  the  percentage 

of intergranular  cracking  tended  to  be  greater  in  smooth 

specimens.  

F o r  a given  material ,   intergranular  crack  growth  will  be governed 

by the  s t ress   and  s t ra in   s ta tes   a t   the   intergranular   crack  t ip .   Thus,   f rom 

the  data  (fig. 4), the  stress  and  strain  states  apparently  became  sufficiently 

s imilar  s o  that  the  intergranular  crack  growth  rates  in  the  two  specimen 

types  (for a given  loading  stress)  could  be  expected  to  be similar when  the 

cracks  developed  to  approximately 10 per  cent of the  specimen  width. It 

is apparent,   therefore,   that   for a given  loading  stress  and  test   temperature,  

6 
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the  difference  between  rupture times for  notched  and  smooth  specimens 

(i. e. , the  notch  sensit ivity)  was  determined  primarily by  the  f irst   stages 

of intergranular  cracking.  Thus,   metallurgical  variables  that   influence 

intergranular  crack  init iation  (and  growth)  can  be  expected  to  have  the 

most  influence  on  the  notch  sensitivity. 

Scope  and  General  Description of Edge  -Notch-Sensitive  Behavior 

Time  -Temperature  Notch  Sensit ive  Region 
. "  " -. " ~ 

The  time-dependent  edge-notch  sensitivity of Rend  41 , Waspaloy 

and  Inconel 718 thin  sheet is apparently  limited  to  the  intermediate  temper- 

ature  range  (apparently  somewhat  below  1000°F  to  somewhat  above  1200°F). 

At these  temperatures   high  s t resses   are   required  for   creep  to   occur   and,  

consequent ly ,   design  s t rengths   are   based  on  short- t ime  tensi le   s t rengths  

or  yield  strengths,   rather  than on the  t ime-dependent,   creep-rupture 

strengths.  On  the  other  hand,  at  the  higher  temperatures  creep  processes 

are  predominant  in  rupture  and,  in  fact ,   the  notch  sensit ivity  observed is 

less  severe.   The  extent of the  notch  sensitivity  and  the  time-temperature 

range  in  which  it is most  pronounced  vary  somewhat  with  the  alloy  com- 

position  and  heat  treatment.  This  is  demonstrated  by  the  following 

examples : 

1. Waspaloy  in  the  commercial  condition of heat   t reatment   (solu-  

tion  treated  1/2-hour  at  1975°F  and  aged 16 hours  at  1400°F)  exhibited 

increasing  notch  sensitivity  with  rupture  time  for  tests at 1000"  and  1200°F; 

the N / S  rupture   s t rength  ra t io   decreased  to  a value as low as 0.56 ( f ig s .  5 ,6 )  

Limited  tests at 1400°F  showed  that  the  notch  sensitivity  decreased  with 

t ime  f rom  an  N / S  rat io  of 0. 78 at 1 hour  to  1. 0 at  1000 hours. 

During  the  study of changes  in  the  rupture  strengths of this 

type  with  time  and  temperature, it became  apparent  that  the  results  could 

be  suitably  represented as a graph of log   s t ress   versus  a t ime-temperature  

parameter :  

7 



T (Constant + Log t )  

where,  t = Rupture time 
T = Absolute  temperature 
The   cons tan t   was   der ived   f rom  i sos t ress   da ta  

Most  evident  (fig. 6 )  was  the fact that   the N / S  rupture  strength  ratio  exhibited 

a minimum,  or   " t rough",   wi th   increasing  parameter   values .   I t   should be 

noted  here  that,  although  the  parameter  was  convenient  for  presenting  and 

understanding  the  results, it is not  known at the  present   t ime i f  it has  any 

additional  use.   In  particular,   the  results  should  not be  utilized  to  either 

interpolate  or  extrapolate  to time and  temperature  values,  even  within  the 

range of parameter  values  used,  without  further  verification. 

2. Inconel 718 exhibited  variations in notch  sensitivity  which  were 

similar to  those  described  above.  For  the  cold-worked  and  aged  material  

( s e e  f igs .  7,   8),   for  example,   the  notch  sensit ivity  increased  with  rupture 

t ime  a t   1000"F,   but   decreased  in   tes ts  at 1200°F.   In   this   case,   therefore ,  

the  t ime  or   temperature  at which  the maximum notch  sensit ivity  occurs is  

lower  than  for  the  Waspaloy  material. 

3 .  Heat  treatment  can  also  influence  the  extent of the  notch  sen- 

si t ivity  and  the  parameter  range  in  which  i t   occurs.   For  Waspaloy,  aged 

16 hours  at   1400°F  (fig.9),   increasing  the  solution  temperature  from 

1825°F  to  1975°F  shifted  the  trough  in  the N / S  values  to  higher  parameter 

values.  In  comparison,  the material aged  10  hours  at  1700°F  gave  high 

N / S  ratios,  which  should  be  attributed  to  the  severity of the ag ing  t r ea t -  

ment  and  not  to  differences  in  solution  treatment. 

Influence of Cold  Work 

The  original  survey of superal loys  for   the SST showed  that  the 

short-t ime  tensile  and  yield  strengths  could be increased  by  cold  working. 

The  yield  strength  was  raised  more  than  the  tensile  strength,   and,  conse- 

quently,  the  YS/TS  ratio  was  increased.  Rupture  testing  resulted in the 

following: 
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1. Cold-worked  and  aged  material  exhibited  an  extreme  sen- 

si t ivity  to  sharp  edge-notches  in  the  temperature  range 

f r o m  1000" to  1200°F. 

2. Notched  transverse  specimens  exhibited  lower  strengths 

than  longitudinal  ones.  On  the  other  hand,  smooth  speci- 

men  strengths  exhibited  little  dependence  upon  specimen 

direction. 

3 .  When  compared  to  annealed  and  aged  material,  the  smooth 

specimens of the  cold-worked  material  exhibited  higher 

strength  levels  except  for  the  longer  t ime  periods at 1200°F. 

The  notch  strength  tended  to  be  lower,  especially  in  trans- 

verse   specimens,  as a resul t  of the  cold  work. 

4. For  the  cold-worked  and  for  the  annealed  materials,   the 

notched  specimen  rupture  curves  exhibited  changes  in 

slope,  both  increasing  and  decreasing.  This  can  be  con- 

trasted  to  the  smooth  specimen  rupture  curves,   which  are 

apparently  linear. 

- Notched  Specimen  Rupture "- Curves 

At least   for  the  majority of the  materials  and  heat  treatments  stud 

ied,  the  major  changes  in  notch  sensitivity  with  time  and  temperature 

primarily  reflect   changes  in  the  slopes of the  notched  specimen  rupture 

curves:  

a. The  decrease  in  notch  sensit ivity at high  parameter  values 

(i. e. , at long  t imes  and/or  high  temperatures) is reflective 

of the  convergence of notched  and  smooth  specimen  rupture 

curves.  In  the  cold-worked  materials  (figs. 7 , 8 ) ,  i t   was 

clear  that   this  results  from  an  upward  break  (decrease  in 

slope)  that  occurred  in  the  notched  specimen  rupture  curves. 

This  upward  break  was  also  observed at 1200°F  for  a number 
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of materials  in-the  annealed  and  aged  conditions  (fig.  11). 

Although  the  number of data  points  available  from  research 

to  date are limited, it is expected  that similar tendencies 

would  be  obtained  from  prolonged  testing at lower  temper- 

a tures .  

b.  At short   t imes  and  low  temperatures,  i. e.  , low parameter  

values,  the  notched  specimen  rupture  curves  diverge 

markedly  f rom  the  curves   for   smooth  specimens  ( f igs .   5 ,6) ,  

resul t ing  in   the  drast ic   increase  in   notch  sensi t ivi ty .   The 

l imited  data  suggests  that   the  increase  in  slope  in  the 

notched  specimen  rupture  curves  occurs  when  the  loading 

stress,   based  on  the  net   section at the  base of the  notch, is 

reduced  below  the 0. 2 per  cent  offset   yield  strength  as  deter-  

mined  in  the  smooth  specimen  tensile  tests ( f ig .  12). 

Ductilitv  -Notc h Sensitivitv 

There  is  a rather  general  belief  that  ductility  values  in  rupture 

tests  are  related  to  notch  sensit ivity.   However,   in  only a limited  number 

of heat  treatments  for  the  alloys  studied  did  notch  sensitivity  appear  to 

vary  directly  with  ductility. 

1. For  Waspaloy  (annealed  at  1975"  and  aged 16 hours  at   1400"F),  

there  was a correlation  between  ductility of smooth  specimens  and  notch 

sensitivity  (fig.  13).  The  ductility  trough  for  this  material  was  due  to  large 

amounts of elongation  which  occurred  on  loading  at  low  parameter  values, 

and  large  amounts of third-s tage  creep  which  occurred  a t  high parameter  

values.  The  elongation on loading  decreased  rapidly as the  load  to  yield 

strength  ratio  decreased, i. e. , with  increasing  values of the  parameter.  

In contrast,  the  elongation  in  third-stage  creep  was small for low values of 

the  parameter ,  but increased  at  high  values.  The  result  was a minimum 

in  the  ductility at intermediate  parameter  values.  
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2. For  Inconel 718 (cold  worked  and  aged),  the N / S  rupture 

strength  ratio  formed a trough  (fig.  14)  with  increasing  parameter.  There 

was  no similar variation  in  total  elongation;  however,  the  elongation  did 

decrease  with  increasing  parameter   for   the  lower  parameter   values .  

The  ruptured  specimens  exhibited  fractures  (intergranular  and 

t ransgranular)   which  resul t   f rom  two  deformation  mechanisms.   Therefore ,  

measured  ducti l i t ies  reflect   the  amounts of deformation  associated  with 

both  f racture   processes .  In  consequence, it is not  surprising  that   there 

was  no  direct  correlation  between  the  notch  sensitivity  and  the  ductility. 

Correlations  are  made  even  more  complex  since  the  notch  sensit ivity is  

expressed as a rupture   s t rength  (or ,   rupture   t ime)   ra t io  of notched  to 

smooth  specimens,   each of which  will  be  influenced  differently by ductility 

effects.  Because of the  apparent  importance of intergranular   crack  ini t ia-  

tion  on  notch  sensitivity,  deformation  characteristics  that  influence  crack 

init iation  must  also  affect   i t :  

1. The  notch  sensitivity  apparently  increased  markedly  when  the 

loads  were  reduced  below  the  net  section  yield  strength.  Yielding,  in  these 

cases ,  could  only  be  extensive  in  the  area of the  notches  where  the  initial 

stress  is   the  highest .   Presumably,   the  plastic  deformation  on  loading 

(time-independent,  or  "tensile"-type  deformation)  resulted  in  the  relaxa- 

tion of stresses  at  the  notches  and  introduced  cold  work  into  these  areas. 

Subsequent  creep  processes,  which  led  to  intergranular  crack  initiation, 

commenced  under   this   pre-establ ished  s t ress   and  s t ra in   s ta te .   I t  i s  of in -  

terest   to  note  that   in  an  exploratory  test   (on  Rend 41 at  1000°F)  in  which a 

notched  specimen  was  pre-loaded  above  the  yield  strength,  the  rupture  life 

at a stress  below  the  yield  stress  was  extended.  Evidently,  loading  above 

the  yield  strength  to  cause  extensive  yielding at the  base of the  notches 

reduced  the  notch  sensitivity. 

2. At low  loading  levels,  yielding  was  presumably  restricted  to 

the   a reas  of s t ress   concentrat ion at the  notches.  Further  relaxation of the 
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high  s t resses  at the  notches  (relative  to  the  nominal stress) can  occur  by 

creep. If creep  cracking  or   severe   creep  damage is introduced  during 

relaxation,  low  notch  strength  and,  hence,  notch  sensitive  behavior  would 

result .  

3. The  deformation  characterist ics  l isted  must  be  considered 

further  within  the  context of a third  major   factor ,   namely  specimen  geo-  

metry.  Specimen  geometry  will  therefore  be  considered  in  the  following 

section. 

Influence of Specimen - Geometry  on  Notch  Sensitivity 

The  results  which  reflect   the  relationships  between the  notch  sen- 

sitivity  and  notched  specimen  geometry  were  obtained  by  variations  in 

thickness  and  notch  acuity of sheet  specimens,   and  in  the  testing of round 

bar  specimens.  

The  Influence of Sheet  Thickness.   In  exploratory  tests,   sheet - 
thickness  apparently  has a very  marked  influence  on  the  degree of notch 

sensitivity.  The  extent of the  effect  and  the  general  applicability of the 

results  have  not  been  completely  defined. 

1.  When 0. 050-inch  thick  Waspaloy  sheet  was  tested  at  1000"  and 

12OO"F, in two  conditions of heat  treatment  (solution  treated  l/Z-hour  at 

1975°F  and  aged  either 16 hours  at  1400"F,  or  10  hours at 1700"F),  it  did 

not  exhibit a time-dependent  notch  sensitivity.  These  results  are  in  con- 

t ras t   to   those  obtained  f rom 0. 026-inch  thick  material   in  identical   heat 

treated  conditions.  The  difference  was  most  evident  for  the  material  aged 

a t  1400"F ,  where  the  sensitivity of the 0. 026-inch  thick  material  was 

quite  marked  (fig.  15).  Although  the  two  materials had slightly  different 

compositions,  the  fact  that  the  smooth  speclmen  properties  were  similar 

suggests  that   the  large  differences  in  the  rupture  strengths of the  notched 

specimens  were a real   effect  of thickness. 
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2. Results  for  Rend  41  sheet  materials  tested  at  1000°F  suggested 

that a similar influence of sheet  thickness  occurred  in  that  0. 04-inch 

thick  sheet  was  considerably  less  notch  sensit ive  than 0. 026-inch  thick 

sheet  (fig.  16). It should  also  be  noted  that  testing  sharp-notched ( K t  = 10) 

round  bars at 1200°F  resul ted  in  a slight  degree of notch  strengthening, 

whereas  the 0. 026-inch  thick  sheet  showed  very  marked  notch  sensitivity. 

The  variation of rupture  strength  with  sheet  thickness  must  reflect 

changes  in  the  rates of intergranular  crack  initiation  and/or  growth.  These 

rate  changes are especially  reduced  in  notched  specimens  by  increasing 

the  sheet  thickness;  smooth  specimens  exhibited  little  or  no  increase  in 

rupture  life  with  increasing  sheet  thickness  and,  hence,  the  notch  sensi- 

t ivity  decreased  with  increasing  sheet  thickness.   The  cause of the  var ia-  

tions of rupture  strength  with  sheet  thickness  has  not  been  established 

and  future 

1. 

2.  

research  will   consider two possible  contributing  factors: 

The  s t ress   and/or   s t ra in   s ta tes   vary  s ignif icant ly   wjth  sheet  

thickness,  thus  influencing  the  deformation  behavior at 

notches  sufficiently  to  result  in  the  apparent  changes  in 

notch  sensitivity. 

Surface  effects  could  have a marked  influence  on  the  mechan- 

ical   propert ies  of the  sheet  and,  hence,  on  notch  sensitivity. 

Element  losses,   e.   g. ,  B o r  Al, and  other  environmental 

effects  which  may  or  may not  be  evident a s   mic ros t ruc tu ra l  

changes,  could  be  expected  to  have  an  increasing  influence 

on  the  properties of sheet  materials,   the  thinner  the  sheet.  

In this  case,   however,  it would also  be  necessary  to  explain 

the  apparent  invariance of smooth  specimen  strengths  with 

sheet  thickness. 

The  Influence of Notch  Acuity.  The s t ress   and   s t ra in   s ta te  at the 

notch  can  also  be  varied  by  varying  the  degree of notch  acuity.  Measure- 

ments of the  degree of notch  sensitivity as a function of notch  acuity  for 

- 
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0. 026-inch  thick  sheet material pointed  towards  an  apparent  critical 

effect. It appears  that  at this Kt, which is  dependent  upon  alloy  compo- 

sition  and  heat  treatment, a dras t ic   increase  in the  notch  sensitivity  can 

occur. 

1. 

2. 

For  Waspaloy  in  the  cold-worked  and  aged  condition  and 

tes ted at 1200"F, a of 3 was found to  be  nearly as de t r i -  

mental   to   the  rupture   s t rength as a Kt of '>  - 20 (f ig .  17). 

F o r  a Kt of - > 20, Inconel  718,  annealed  at  1750°F  and  aged, 

was  extremely  notch  sensit ive at 1000°F  and  much  less  s o  

at  1200°F  (fig.  18).  However,  for K t ' s  of 2. 1 and 5 .8 ,  very  

little  notch  sensitivity  was  observed  at  either  temperature. 

In  this  case,   therefore,   the  cri t ical  Kt at 1000°F  was  some- 

what  greater  than  5.8. 

DISCUSSION 

Considerable  data  has  been  published  on  the  notch  sensitive  be- 

havior of superalloys.  Generally,  these  studies  have  been  conducted  uti- 

lizing  round  specimens  to  obtain  the  rupture  properties  at  temperatures  no 

lower  than  1200°F.  It is  not  known i f  the  relationships  which  have  been 

established  between  the  notch  sensit ivity  and  metallurgical  characterist ics 

in  such  studie's  can  be  applied  to  edge-notched,  thin  sheet  specimens  tested 

at  1000"  and  1200°F.  It is  apparent,  however, that the  presence of edge 

notches  in  sheet  specimens  results  in a more   ex t r eme   s t r e s s   and /o r   s t r a in  

state  than  in  notched  round  specimens.  In  any  event,  the  results  show  that 

the  notch  sensitivity  can  be  many  magnitudes  more  severe  in  sheet  mater- 

ials  than  has  been  reported  for  round  specimens. 

Due  to  the  intimate  association of microstructural   features   and 

mechanical   character is t ics ,  it i s  extremely  difficult  to  evaluate  notch  sen- 

s i t ivi ty   in   terms of particular  fa.ctors  within  one of these  classifications. 
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For  example,   intergranular  crack  init iation  (and  growth),   which  apparently 

controls  the  notch  sensitivity,  will  depend  upon  plastic  deformation  pro- 

cesses  (yielding  on  loading  and  subsequent  creep),  which  are  in  turn 

direct ly   re la ted  to   microstructural   features ,   e .  g. , y'  distribution,  grain 

boundary  character is t ics ,   e tc .  

In a study of the  effect of microstructural   features   on  the  notch 

sensitivity of two  Inconel  alloys  (X-750  and  718)  (ref.  3),  Raymond  conclud- 

ed  that  the  primary  effect of heat  treatment  in  rendering  these  alloys 

notch  ductile  was  the  elimination of any  y'-denuded  zone  adjacent  to  the 

grain  boundaries.  Eiselstein  (ref.  5)  showed  that  round,  notched  bars of 

Inconel 718 were  notch-strengthened  (at   1300"F/75  ksi)   when  annealed  in 

the  1700"  to  1850°F  range  and  aged,  whereas  annealing  at  1975°F  or  above 

and  aging  resulted  in  notch  sensitive  material.  Raymond  concluded  that 

this  increase  in  notch  sensit ivity  with  increasing  annealing  temperature 

was  associated  with  the  formation of a denuded  zone. 

Cold-worked  Inconel 718 ( re f .  2 ) ,  0. 026-inch  thick,  was  studied 

after  the  following  heat  treatments--the  annealing  temperatures of which 

lie  in  the  two  ranges  described  by  Raymond: 

a. Annealed  one  hour  at  1750",  aged 8 hours  at   1325"F, F. C . ,  
to   1150°F  in  10  hours,  A. C. 

b. Annealed one hour at 1950",  aged 8 hours  at  1350"F,F.  C. , 
to  1200°F  in  12  hours,  A. C. 

The  s t ress-rupture   t ime  curves   and  the N / S  ra t ios   are   reproduced in  

Figures  7,  11,  and  19.  From  these  the  following is evident: 

1. Both of the  heat  treated  sheet  materials  exhibit a very  pro-  

nounced  time  -dependent  notch  sensitivity  in  the  intermediate 

temperature   range.   The  var ia t ions  in   microstructural   fea-  

t u re s  of the  two  materials  did  not  result,  in  this  case,  in a 

marked  difference  in  the  maximum  notch  sensit ivity  exhibited,  

but  only  in  the  time  and  temperature at which  it  occurred. 
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2. 

3. 

It should  be  noted  that  for  the  sheet material annealed at 

1750"F, little or no notch  sensitivity  was  exhibited  until  the 

notch  acuity  was  increased  above  5.8.  In  contrast,  the ma- 

terial   annealed  at   1950°F  was  almost as notch  sensitive  with 

a of 3.1 as with  one of > 20. - 

Results  reported  from  testing  round  bars  in  heat  treated  con- 

ditions similar to  the  above  (refs.  3,4),  showed a minimum 

notch  to  smooth  specimen  rupture  time  ratio  (for  the  material 

annealed at the  higher  temperature) of the  order  of 1:lO.  In 

contrast ,   the  minimum  ratio  for  the  sheet  material   (for  ei ther 

heat  treatment),  being - 1:106,  was  many  orders of magni- 

tude  lower. It is   evident,   therefore,   that   the  results  being 

reported  in  this  paper  for  edge-notched,  thin  sheet  involve a 

far   more  extreme  effect .  

For  Inconel  718,  the  heat  treatment  (and,  hence  the  microstructure 

and  mechanical  characteristics)  has  an  influence  on  the  extent of the  notch 

sensitivity  for  notched  round  bars  or  sheet  specimens  with  low  notch  acui- 

ties.  However, a high degree of notch  sensitivity  (for  annealing  at  1750" 

and  1950°F)  occurred  for  sheet  specimens  with  very  sharp  notches.   Re- 

sults  presented  previously  for  Rend 41 at   1200°F  (fig.  1 6 )  showed  that 

round  bars  exhibited  slight  notch  strengthening,  while  sheet  specimens 

(Kt - > 20)  were  extremely  notch  sensit ive.   Together  with  the  data  for  Wasp- 

aloy  sheet,   these  comparisons  indicate  that   the  extreme  edge-notch  sensi-  

tivity of thin  sheet   mater ia ls   to   temperatures  as low as 1000°F  involves 

factors  in  addition  to  most of the  data  reported  in  the  l i terature.  

CONCLUSIONS 

The  results  obtained  to  date  from a study of the  scope  and  cause of 

time-dependent  notch  sensitivity  shown  to  occur  in  superalloy  sheet 
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materials at tempera tures  of 1000" and  1200"F,  have  been  presented. 

Creep-rupture  testing of Rend  41,  Waspaloy  and  Inconel 718 over a wide 

range of heat-treated  conditions, has  served  to  provide a general   descr ip-  

t ion of the  notch  sensitive  behavior of 0. 026-inch  thick  material.  In  addi- 

tion,  the  influence of sheet  thickness  and  notch  acuity  on  notch  sensitivity 

has  been  evaluated  to  further  define  the  scope of the  problem. 

1. The  results  show  that  the  rupture  occurs by intergranular  

crack  init iation  and  growth  (apparently by creep)  unti l   abrupt  shear  occurs 

due  to   the  increase  in   s t ress   on  the  reduced  load-carrying  area.   The  t ime 

to-rupture  for  both  smooth  and  notched  specimens  is  determined by all of 

these   f rac ture   p rocesses .   For  a given  stress  and  temperature,   the  differ-  

ence  between  rupture  times  for  the  notched  and  smooth  specimens, i. e. , 

the  notch  sensit ivity,   is   determined  primarily by the  t ime  periods  for  the 

f i r s t   s tages  of intergranular  cracking. 

2. The  notch  sensitivity of 0. 026-inch  thick  sheet  is  apparently 

l imited  to  an  intermediate  temperature  range  (from  sl ightly  below 1000"  to 

slightly  above  1200°F)  within  the  testing  times  considered.  The  extent of 

the  notch  sensitivity  which  is  exhibited is dependent  upon  the  composition 

and  thermal  treatment of the  alloy, i. e. , the  microstructural   features  and 

mechanical  characterist ics.   The  notch  to  smooth  specimen  rupture  strength 

rat ios   commonly  fa l l   as   low  as  0.5,  which  corresponds  to  the  extremely 

low rupture  t ime  ratio of near ly  1: 10  . 6 

3 .  The  evidence  indicates  that  relaxation of the  s t resses   around 

the  notches is a critical  factor  affecting  the  intergranular  fracture  pro- 

cesses  and,  thus,  the  notch  sensitivity.  The  relaxation  can  be  the  result of 

deformation by yielding  and/or  by  subsequent  creep.  On  the  other  hand, 

creep  deformation  can  promote  intergranular  cracking.  The  interaction of 

deformation  processes  occurring  apparently  results  in  the  notch  sensit ivity 

being  more  dependent  upon  the  processes  contributing  to  the  ductility  than 

upon  the  actual  level of ductility itself. 

17 



4. Limited  data  indicate  that   specimen  geometrg  has  an  important 

effect  on  notch  sensitivity.  Round  notched-specimens  are  not  known  to 

exhibit  the  time-dependent  notch  sensitivity  in  the  temperature  being  con- 

sidered  in  this  investigation. In addition,  in  limited  testing, 0. 050-inch 

thick  specimens  have  not  shown  time-dependent  notch  sensitivity.  The  in- 

fluence of notch  acuity ($) on  the  degree of notch  sensitivity  (for 0. 026-inch 

thick  sheet)  is apparently  related  to a cr i t ical  Kt. Below  this  critical Kt, 

which is  dependent  upon  the  alloy,  test   temperature,   and  heat  treatment,   the 

material   exhibits  l i t t le  or no notch  sensitivity,  whereas  above it, the 

material  exhibits  extensive  notch  sensitivity. 
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F i g u r e  1. S t r e s s   v e r s u s   r u p t u r e   t i m e   d a t a  at 1 0 0 0 ° F  o b t a i n e d   f r o m   s m o o t h   a n d  
notched  ( K t  > 20)  s p e c i m e n s  of 0. 0 2 6 - i n c h   t h i c k   R e n d  41 ,  a n n e a l e d   a t  
1 9 7 5 ° F   a n d   a g e d   1 6   h o u r s  at 1 4 0 0 ° F .  
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Figure 2. Types of test specimens (all dimensions 
in  inches). 
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Spec imen   r emoved   f rom  rup tu re - t e s t  
uni t   per iodical ly   and  crack  length 
measu red   a t   t ime   pe r iods   i nd ica t ed .  

T I M E  Hours 

F i g u r e  3. I n t e r g r a n u l a r   c r a c k   g r o w t h   o b t a i n e d   f r o m  a notched  specimen  (KG20) 
of 0. 026-inch  thick  Waspaloy  sheet ,   annealed at 1825°F  and   aged  
16 hours  at 1 4 0 0 ° F ;  t e s t e d  at 1 0 0 0 ° F  at 100 ksi. 
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Figure  4. Intergranular   crack  length  versus   ini t ia l   loading  s t ress   a t  1000" and 12OO"F, obtained  from  ruptured 
smooth  and  notched (Kt) 20)  specimens of 0. 026-inch  thick  Inconel 718 sheet,  annealea at 
1750°F  and  aged  at  1325°F for  8 hours,  F. C . ,  to  1150'F in  10  hours, A .  C. 
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F i g u r e  5. S t r e s s   v e r s u s   r u p t u r e   t i m e   d a t a   o b t a i n e d   f r o m  smooth and  notched (Kt> 20) s p e c i m e n s  
of 0. 026- inch   th ick   Waspaloy   shee t ,   annea led   a t   1975°F  and   aged  16 h o u r s   a t  1400"F, 
and   t e s t ed   a t  lOOO", 1200" ,   and   1400 'F .  
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Figure   6 .   Time-temperature   dependence  of the  rupture  strengths  and N / S  ratios  (Notch  Rupture 
.Strength/Smooth  Rupture  Strength) for smooth  and  notched  (Kt>20)  specimens of 0.  026-  

a t  1000'. 1200'.  and 1400'F. 
inch thick  Waspaloy  sheet.   annealed  at 1975'F. aged 16 hours at  1400°F.  and  tested 
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Figure 7 ,  St re s s   ve r sus   rup tu re   da t a  at 1000" and  1200"F,  obtained from smooth  and 
notched(K+20)  specimens of 0.026-inch  thick  Inconel 718 sheet  cold  reduced 
24 pe r  cent and  aged at 1325°F f o r  8 hours ,  F. C . ,  t o  1150°F  in  10 hours ,A .  C .  
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Figure 8 .  Time-temperature   dependence  of the  rupture  strengths  and  N/S  ratios  (Notch  Rupture 
Strength/Smooth  Rupture  Strength) for smooth  and  notched (K920) spec imens  of 0. 026 -  
inch  thick  Inconel 718 sheet  cold  reduced  and  aged  at  1325'F for 8 h o u r s ,   F . C . ,  t o  
1150°F  in  10  hours,  A. C. ; tes ted   at  1000" and  1200°F.  

27 

I 



1.0- 

T e s t   T e m p e r a t u r e  
1000  1200 1400 H e a t   T r e a t m e n t ,  "F 

0 0 Ann.   1825 "16  h r s .   1 4 0 0  

A A v Ann.   1975 f 16 h r s .   1 4 0 0  

0 I Ann.   1900 f 1 0  h r s .  1700 

I I I I I I I I I 

29 31  33 35  37 
P A R A M E T E R  T ( I ~ +  Logtb10-~ 

F i g u r e  9 .  T i m e - t e m p e r a t u r e   d e p e n d e n c e  of t h e   N / S   r a t i o s   ( N o t c h   R u p t u r e   S t r e n g t h / S m o o t h  
R u p t u r e   S t r e n g t h )   o b t a i n e d   f r o m   s m o o t h   a n d   n o t c h e d  (Kt>/20)  s p e c i m e n s  of 0. 026 - 
i n c h   t h i c k   W a s p a l o y   s h e e t  in  t h r e e   h e a t   t r e a t e d   c o n d i t i o n s .  
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F i g u r e   1 1 .   S t r e s s   v e r s u s   r u p t u r e   d a t a   a t   1 0 0 0 "   a n d   1 2 0 0 " F ,   o b t a i n e d  from s m o o t h   a n d   n o t c h e d   ( K t >  2 0 )  
s p e c i m e n s  of 0. 0 2 6 - i n c h   t h i c k   I n c o n e l  718 a n d   W a s p a l o y   s h e e t   i n   t h e   h e a t   t r e a t e d   c o n d i t i o n s .  
( I n c o n e l  718: a n n .   a t   1 9 5 0 " F ,   a g e d 3   h o u r s  at 1350" ,  F. C . ,  t o   1 2 0 0 ° F  in 1 2  h o u r s ,  A. C .  ; 
W a s p a l o y :   a n n .  at 1 9 0 0 ° F   a n d   a g e d   1 6   h o u r s   a t   1 4 0 0 ° F .  ) 
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Figure  12. S t ress   versus   rup ture   da ta   a t  100O'F. obtained from  smooth and  notched  specimens(Kt>, 20) 
of 0. 026-~nch  thick  Waspaloy  sheet  in  four  conditions of heat  treatment. 
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F i g u r e  13. T i m e - t e m p e r a t u r e   d e p e n d e n c e  of t o t a l   e l o n g a t i o n   a n d   N / S   r a t i o s   ( N o t c h   R u p t u r e   S t r e n g t h / S m o o t h  
R u p t u r e   S t r e n g t h ) ,   o b t a i n e d  from s m o o t h   a n d   n o t c h e d   ( K t > /  20) s p e c i m e n s  of 0. 0 2 6 - i n c h   t h i c k  
W a s p a l o y   s h e e t ,   a n n e a l e d   a t  1 9 7 5 ° F  a n d   a g e d   a t  1400 'F ;  t e s t e d   a t  l O O O " ,  1 2 0 0 " ,   a n d  1 4 0 0 ° F .  
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F i g u r e  14. T i m e - t e m p e r a t u r e   d e p e n d e n c e  of t o t a l   e l o n g a t i o n   a n d  N / S  r a t i o s   ( N o t c h   R u p t u r e  
S t r e n g t h / S m o o t h   R u p t u r e   S t r e n g t h )   a t   1 0 0 0 "   a n d  1 Z O O O F ,  o b t a i n e d   f r o m   s m o o t h  
a n d   n o t c h e d ( K a 2 0 )   s p e c i m e n s  of 0 .026- inch   t h i ck   Incone l   718   shee t ,   co ld   worked  
a n d   a g e d   a t   1 3 2 5 ' F   f o r  8 h o u r s ,  F. C., t o   1 1 5 0 ° F   i n   1 0   h o u r s ,  A. C. 
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F i g u r e  15. S t r e s s   v e r s u s   r u p t u r e   d a t a   a t  1 0 0 0 "  and 1 2 0 0 " F ,  obtained f rom smooth  and 
notched ( K t >  20 )  spec imens  of 0 .026-  and 0.  050-inch  thick  Waspaloy  sheet 
annealed  a t  1 9 7 5 ° F  and  aged 16 hour s  at 1400°F .  
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F i g u r e  16. S t r e s s   ve r sus   rup tu re   da t a   a t  1 0 0 0 "  and  1200"F,   obtained  f rom  smooth  and  notched (K&ZO) 
spec imens  of Rend 41 sheet   and  round  bar ,   annealed  a t  1975°F and  aged  16  hours   a t  1400°F 
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F i g u r e  17. Influence of notch  acuity on the  rupture  l ife of 0.026-inch  thick  Waspaloy  sheet,   cold  reduced 
40 per  cent  and  aged 2 hour s   a t   1500°F :   t e s t ed   a t   1000°F   and  100 ksi .  
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F i g u r e  18. Effect  of notch  acui ty  at 1000"   and   1200°F  on   the   s t ress - rupture   p roper t ies  
of 0. 026-inch  thick  Inconel  718 shee t ,   annea led  at 1750°F   and   ageda t   1325°F  
f o r  8 hour s ,  F. C . ,  t o   1 1 5 0 ° F   i n  1 0  hour s ,  A. C. 
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F i g u r e  19. T i m e   d e p e n d e n c e  of no tch   s ens i t i v i ty   a t  1000"  a n d   1 2 0 0 ° F .   o b t a i n e d   f r o m   s m o o t h  
and   no tched   (K t>20)   spec imens  of 0 .026- inch   th ick   Inconel   718   shee t   in   two  condi t ions  of hea t  
t r e a t m e n t   ( 1 9 5 0 ° F   a n n . ,   a g e d   1 3 5 O o F / 8   h r s . ,  F. C. ,  t o  1 2 0 0 ° F  i n   1 2   h r s . ,  A .  C. ; 1 7 5 0 ° F   a n n . ,  
a g e d   1 3 2 5 " F / 8   h r s . ,  F. C., t o   1 1 5 0 ° F   i n   I O h r s . ,  A .  C . ) .  


